The physical proximity of the closely linked proalpha2(1)collagen (COL1A2) and erythropoietin (EPO) genes and five loci with no known function was studied by long-range restriction mapping experiments using pulsed-field gel electrophoresls. COL1A2 and D7S64 were found to be within 100 kb of each other, providing a new Informative marker for linkage studies with respect to COL1A2. D7S15 and D7S79 were within 350 kb of each other. The physical distance between COL1A2 and EPO was determined to be at least 600 kb. Two CpG rich islands were recognized within 600 kb of COL1A2, suggesting that other genes might lie in the vicinity of COL1A2.
INTRODUCTION
Chromosome 7 is one of the most extensively studied human autosomes, being covered with cloned markers which form a densely spaced genetic linkage map (1) (2) (3) . Detailed fine restriction maps of the proalpha2(I)collagen gene (COL1A2) located in 7q21.3-q22.1 are available (4), whereas long-range restriction maps around COL1A2 have not been published. Moreover, the location of COL1A2 in the linkage map is somewhat ambiguous (1, 2) . The erythropoietin gene (EPO) maps to the same chromosomal region and is very closely linked with COL1A2(Z=4.81 atthetamax=0) (5, 6) , but the physical distance between these genes is not known. Of interest in this region is also the localization of a recurrent leukemia-associated chromosome 7 deletion breakpoint close to these genes (7, 8) .
In this study we performed physical mapping of the region around COL1A2 and EPO by pulsed-field gel electrophoresis (PFGE), with the aims of 1) refining the map of chromosome 7 by physical means, and 2) determining physical distances between a number of genetically closely linked markers in this region.
MATERIALS AND METHODS
The mapping experiments were performed on DNA prepared from freshly isolated white blood cells from a healthy male. Red blood cells were removed by dextran sedimentation, and the plasma containing white blood cells was recovered. The cells were washed with saline, embedded in low-melting point agarose plugs, and deproteinized as described (8, 9) . To facilitate double digestions, most restriction digestions were performed in potassium glutamate buffer (BssHII, Mlul, Nael, Narl, Nrul, PaeR7I, SacII, SfiI) (10) . Buffers recommended by the manufacturers were used with enzymes requiring high salt concentrations (EagI, NotI, Sail).
The electrophoreses were run in workshop-made tanks designed according to the contour-clamped homogeneous electric field (CHEF) principle (11) . Agarose gels (1%, run in 0.25xTris-borate electrophoresis buffer) were calibrated with Saccharomyces cerevisiae DNA preparations or bacteriophage lambda concatamers applied to several lanes in each gel (9) . The gels were blotted to nitrocellulose filters after photography and UV irradiation. The probes were labelled with 32 P-dCTP (Oligolabelling kit, Pharmacia, Uppsala, Sweden, or Nicktranslation kit, Amersham, Buckinghamshire, England). Probes giving high background hybridization were prereassociated with sheared, unlabelled human DNA (12) . Between repeated hybridizations to the same filter, the probes were removed by washing several times with boiling water.
The probes used in the mapping studies are listed in Table 1 .
RESULTS

Detection of physical linkage between markers
Physical linkage between the markers listed in Table 1 was sought by hybridizing them to CHEF filters containing BssHII, Mlul, and NotI digested samples. These enzymes were selected because in preliminary experiments they were found to create the longest repeatedly well-cut fragments with probes for COL1A2 and EPO.
Probes for COL1A2, D7S15, D7S64, and D7S79 seemed to detect at least one shared fragment, whereas the other probes hybridized to different fragments with all three enzymes ( Table  2) . As a more rigorous test of physical closeness, the putative linked probes were hybridized to CHEF filters with DNA from several different single and double restriction digested samples. The smallest common fragment detected by probes for C0L1A2 and D7S64 was < 100 kb, but Sfil produced additional fragments hybridizing to the D7S64 probe above 100 kb (Fig. I) . Probes for D7S15 and D7S79 hybridized to identically sized fragments with several enzymes (the smallest common fragment was a 350 kb Sfil fragment) (Fig. 1 ). All these fragments except a 1100 kb NotI fragment were of different size than the fragments detected with probes for COL1A2 and D7S64.
Construction of long-range restriction maps
Altogether 11 restriction enzymes were used in double digestion experiments, but only some of them yielded information which allowed the placing of their cleavage sites with respect to each other. The restriction enzymes NotI, MM, and BssHU cut DNA Table 1 . Characteristics of the DNA probes. Probe type: G, genomic; C, cDNA.
into large (> 800 kb) fragments and also yielded double digestion and partial digestion products that allowed the construction of long-range restriction maps around the linked probes. Sail, Narl, and Nrul either cut only some of the available molecules or the products were too large to be resolved under our experimental conditions. PaeR7I fragments were generally <200 kb in size, and the sites were densely spaced, as illustrated by several partial digestion bands. These results did not help in map construction. The core of the long-range restriction map around COL1A2 was based on the following observations (Fig. 2 , Table 2 ). COL1A2 hybridized to distinct 820 kb BssHH and 1100 kb MM fragments. BssHD7MM double digestion created an additional 790 kb fragment, which placed these two restriction sites at a distance of about 30 kb. NotI easily produced partial digestion, with COL1A2 hybridizing to fragments of 1100, 1200, and 1300 kb. BssHII/NotI double digestion produced a novel fragment of 790 kb, and MluI/NotI double digestion produced two novel fragments of 770 kb and 900 kb (partial digestion). The double digestion products allowed the unambiguous placement of the BssHII, MM, and NotI sites with respect to each other, and NotI partial digestions allowed the orientation of fragments flanking the COL1A2 NotI fragment.
Similar principles were applied in the construction of maps around EPO, D7S15, and D7S79, using data presented in Fig. 1 and Table 2 .
At the construction of the restriction maps it became evident that the 1100 kb NotI fragments detected by probes for COL1A2 or D7S64 and by probes for D7S15 or D7S79 were different although similar in size. Further evidence against the maps overlapping was obtained by double digestion results with other restriction enzymes (not shown). The pattern of restriction sites at the borders of the maps did not suggest that they are directly juxtaposed but did not exclude it either. EPO was found to reside in a region rich in rare cutter restriction sites, and no total or partial digestion restriction fragments shared with any other probe were detected (Fig. 3) . A minimum distance of about 600 kb between COL1A2 and EPO could be inferred (Fig. 4) .
Orientation of COL1A2
The use of the restriction enzymes BssHII, MM, Nael, NotI, SacII, and Sfil allowed the orientation of COL1A2 within the long-range map (Fig. 2) . The orientation was provided by the BssHII, MM, and Not! sites which have a different pattern at each end of the COL1 A2-containing segment. The pattern and sizes of Nael and SacII restriction fragments detected by probes for COL1A2 strongly suggested the interpretation presented below.
Nael produced partial digestion patterns which were repeatedly observed in different blots. The partial digestion products were modified in double digestions with BssHII and MM. Double digestion with BssHII strongly intensified all partial Nael digestion bands, and Nael/MM double digestion created a new fragment which was 30-40 kb smaller than the 660 kb Nael partial digestion band. Thus, a Nael site which gave rise to this partial digestion band was likely to be close to a BssHII site which is 30-40 kb away from an MM site. These sites were readily identified in the core map (Fig. 2) . Furthermore, Nael/NotI double digestion did not create novel bands but intensified a third partial digestion band which was very weak in most digestions and most likely resulted from the incomplete cleavage of a Nael site at the other end of the fragment. Digestion with SacII resulted in an incomplete digestion pattern as well, and double digestion with Nael created a novel 340 kb Nael/SacII fragment which hybridized to probes for COL1A2. This fragment helped in the localization of the SacII and Nael sites in relation to each other. Table 2 . A and B, a filter was successively hybridized to probes CRI-L1238 (A) and NJ-3 (B). All but Sfil fragments were identical. PFGE was at 120 V and 120 s pulse time for 60 h. C and D, a filter was successively hybridized to probes CRI-L917 (C) and CRI-S25 (D). Most single and double digestion fragments were identical, but the loci mapped to different PaeR7I fragments. PFGE was at 85 V and 120 s pulse time for 90 h. Figure 2 . PFGE data used for the construction of a restriction map around COL1A2. A, probe NJ-3 hybridized to large BssHII, Mlul, and NotI fragments which were used to construct a core map. PFGE was at 85 V and 900 s pulse time for 140 h. The film was overexposed to show partial digestion products. B and C, probes NJ-1 (B) and NJ-3 (C) were hybridized to filters with Nael and SacII partial and double digestion products which allowed the orientation of these sites with respect to the core map. D and E, a filter was successively hybridized to probes NJ-3 (D) and NJ-1 (E). The 5' and 3' ends of COL1A2 were found to be separated by an Sfil site, and a SacII site was localized within 70 kb of the 3' end. PFGE was at 130 V and 20 s pulse time for 40 h.
weak partial digestion product, whereas SacII/BssHII double digestion produced a novel partial digestion fragment which was 20-30 kb larger than the SacH/MluI fragment. Double digestion with NotI did not modify the SacII digestion products. This pattern was compatible with a SacII site located close to an Mlul site and 20 -30 kb away from a BssMI site, and oriented the SacII partial digestion products in relation to these sites. The 5' and 3' ends of COL1A2 were found to be separated by an Sfil site, as the probes NJ-3 and NJ-1 detected fragments of different sizes in Sfil digests (but in no other digest). The Sfil fragment detected by NJ-1 was cut by double digestion with SacII, but not with BssHE, Mlul, Nael, or NotI, indicating the presence of a SacII site within 70 kb 3' of the sequence detected by NJ-1. These results suggested a likely location and orientation for COL1A2 within the Nael and SacII map (Fig. 2, Fig. 4) . 
DISCUSSION
We used pulsed field gel electrophoresis (PFGE) to construct restriction maps of the region around COL1A2 in chromosomal region 7q21.3-q22.1 and to supplement the existing genetic linkage maps. The restriction maps were constructed using the same DNA in all experiments. Strictly, the maps are valid only in the DNA used for mapping, as there may be variation in fragment lengths between different individuals or tissues (13, 14) .
The position of COL1A2 within the contiguous genetic linkage map of chromosome 7 had not been unambiguously determined (1, 2) . The physical mapping data presented here resolve this ambiguity, provide information of minimum distance between COL1A2 and EPO, and allow the identification of CpG rich islands flanking COL1A2.
COL1A2 and D7S64 were found to lie very close to each other, hybridizing to the same restriction fragments in all but Sfil digests. This result places them within < 100 kb of each other, providing a physical anchor site for the chromosome 7 linkage map (1,2). As the probe for D7S64 detects an RFLP with PIC 0.39, it can be used for genetic linkage studies in individuals who are homozygous for the less informative COL1A2 polymorphisms (4) . Proximal of D7S64 in linkage maps, D7S15 and D7S79 were found to be located within 350 kb of each other. This is compatible with the genetic distance (0 cM, Z = 18.66) (2) . We have previously suggested that COL1A2, D7S64, D7S15, and D7S79 are at most 1.4 Mb apart (15) , but further experiments with other restriction enzymes revealed incompatibilities in the physical map, suggesting that they may not be so closely linked. The recombination fraction between is 0.02 (Z = 22.30) between D7S64 and D7S15 and 0.01 (Z=22.31) between COL1A2 and D7S15, whereas no recombinations have been observed between COL1A2 and D7S79 (Z=14.45)(2 and HDK, unpublished). These figures are compatible with measurable physical distances which however remain undetermined.
The short genetic distance between COL1A2 and EPO suggested that physical linkage might also be detectable between them. In our study they were not found to share any common total or partial digestion restriction fragments using 11 different rare cutter enzymes. The restriction maps imply a minimum distance of approximately 600 kb between them (Fig. 4) . This may not be unexpected, as the confidence interval for the genetic linkage is still very broad at Z=4.81. Our earlier results on the mapping of a partially deleted chromosome 7 suggested that COL1A2 might be located centromeric of EPO (8) .
The clustering of rare cutter restriction sites which occurs in CpG rich islands marks the 5' end of many genes (14) . At least two such clusters were detected within 600 kb of COL1A2, but the 5' end of COL1A2 was not marked with densely located restriction sites (Fig. 4) . The presence of CpG rich islands might suggest that there are other genes in the vicinity of COL1A2.
Physical mapping is likely to benefit from the use of yeast artificial chromosomes (YACs) (16) . The construction of restriction maps of YAC DNA is much simpler than of genomic DNA for several reasons. The ends of a YAC can be used as reference points, the risk of interpreting polymorphisms or partially homologous sequences as partial digestions is diminished, and the masking of sites by methylation is avoided. Furthermore, overlapping YAC clones can be identified by YA-C to YAC hybridization, allowing chromosome walking. We are currently isolating YACs covering this region, which should allow comparisons between YAC maps and maps constructed by PFGE on genomic DNA.
